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Distinct Replication Requirements
for the Two Vibrio cholerae Chromosomes
protein, binds to 9 bp repeats within oriC, termed DnaA
boxes (Fuller et al., 1984). This interaction stimulates
DNA duplex separation at an adjacent region consisting
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Tufts University School of Medicine of three AT-rich repeats, resulting in the formation of an
open complex (Bramhill and Kornberg, 1988). DnaA isand Howard Hughes Medical Institute
136 Harrison Avenue also believed to recruit a helicase, DnaB, to the open
complex to fully unwind the strands (Marszalek and Ka-Boston, Massachusetts 02111
guni, 1994). Once this prepriming complex is formed,
RNA primers are synthesized and replication proceeds
bidirectionally around the chromosome.Summary
Initiation of replication in E. coli is a highly regulated
event that occurs only once per cell cycle (Boye et al.,Studies of prokaryotic chromosome replication have
focused almost exclusively on organisms with one 2000). Several mechanisms are thought to control initia-
tion in E. coli. First, the methylation state of oriC regu-chromosome. We defined and characterized the ori-
gins of replication of the two Vibrio cholerae chromo- lates initiation (Boye and Lobner-Olesen, 1990; Marinus,
1996). oriC contains eleven sites for methylation by thesomes, oriCIvc and oriCIIvc. OriCIIvc differs from the ori-
gin assigned by bioinformatic analysis and is unrelated enzyme DNA adenine methyltransferase (Dam). Ordi-
narily, E. coli DNA is fully methylated. However, newlyto oriCIvc. OriCIIvc-based replication requires an inter-
nal 12 base pair repeat and two hypothetical genes replicated oriC is hemimethylated and becomes tran-
siently unavailable for reinitiation because it is seques-that flank oriCIIvc. One of these genes is conserved
among diverse genera of the family Vibrionaceae and tered by SeqA, a protein that preferentially binds to
hemimethylated DNA (Lu et al., 1994). Second, the avail-encodes an origin binding protein. The other gene
codes for an RNA and not a protein. OriCIIvc- but not ability of DnaA controls initiation because it is titrated
to several high-affinity sites around the chromosomeoriCIvc-based replication is negatively regulated by a
DNA sequence adjacent to oriCIIvc. There is an unprece- and made unavailable for binding to oriC (Kitagawa et
al., 1996). Third, the initiation potential is controlled bydented requirement for DNA adenine methyltransferase
in both oriCIvc- and oriCIIvc-based replication. Our stud- regulation of the activity of DnaA (Katayama et al., 1998).
Virtually nothing is known regarding replication con-ies of replication in V. cholerae indicate that microor-
ganisms having multiple chromosomes may utilize trol in prokaryotic organisms with multiple chromo-
somes. The genome of V. cholerae is distributed un-unique mechanisms for the control of replication.
equally between its two chromosomes; chromosome I
(chrI) is larger than chromosome II (chrII) and containsIntroduction
most but not all of the genes essential for V. cholerae
growth (Heidelberg et al., 2000). The presence of essen-The gram-negative bacterium Vibrio cholerae causes
the severe and sometimes lethal diarrheal disease chol- tial genes on chrII indicates that it is a bona fide chromo-
some as opposed to a dispensable plasmid. Bioinfor-era. The family Vibrionaceae, of which V. cholerae is the
most clinically important member, includes several other matic analyses revealed that the putative origin of
replication of chr I has sequence similarity to the originhuman and fish pathogens such as Vibrio parahaemoly-
ticus, Vibrio vulnificus, Photobacterium damselae, and of replication of the E. coli chromosome, oriC (Heidel-
berg et al., 2000). In contrast, the putative origin of repli-Listonella anguillarum, and is one of the predominant
families of marine microorganisms (Kita-Tsukamoto et cation of chr II lacks similarity to known origins and was
assigned solely on the basis of GC nucleotide skewal., 1993). The genomes of V. cholerae and several re-
lated Vibrio spp. are distributed between two circular analysis (Heidelberg et al., 2000). In this work, we experi-
mentally defined the origins of replication of the twochromosomes (Trucksis et al., 1998; Yamaichi et al.,
1999). This genomic structure was originally believed to V. cholerae chromosomes. We found novel replicon-
specific requirements for each chromosome as well asbe unusual among bacteria; it is now clear that many
bacterial genomes—including those of several patho- factors that are required for replication of both chromo-
somes.gens (e.g., DelVecchio et al., 2002)—consist of more
than one chromosome.
Escherichia coli, which contains a single circular chro- Results
mosome, has been the primary model organism used
to elucidate the mechanisms that control bacterial chro- Delineation of oriCIvc and oriCIIvc
mosome replication. Replication in E. coli initiates from To functionally define the genes and sequences required
a specific region of the chromosome, termed oriC. This for replication of the two V. cholerae chromosomes,
258 bp stretch of DNA is capable of autonomous replica- we constructed minichromosome derivatives of each
tion and contains recognition sites for several replication chromosome by introducing each annotated (Heidel-
factors (Messer and Weigel, 1996). DnaA, the initiator berg et al., 2000) replication origin into a mobilizable,
conditionally replication-defective vector, pGP704 (Miller
and Mekalanos, 1988). This vector contains the R6K*Correspondence: matthew.waldor@tufts.edu
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origin of replication, which requires the product of the
pir gene to initiate replication. In pir-deficient strains,
pGP704-based plasmids will only replicate if they carry
an alternate, functional replication cassette. The ability
of the V. cholerae-pGP704 chimeric plasmids to repli-
cate autonomously in both pir E. coli and V. cholerae
(recA strain Bah-3 [Pearson et al., 1993]) was measured
by quantifying the frequency of exconjugant formation
in conjugation assays in which the plasmids were mobi-
lized from a pir donor to pir recipients. All of the plas-
mids tested were able to replicate and form exconju-
gants in pir E. coli, showing that their inserts have no
negative effect on pGP704 mobility (data not shown).
The annotated oriCIvc resides between the genes mioC
and gidA (Heidelberg et al., 2000). A 447 bp fragment
from this intergenic region replicated in both V. cholerae
and the surrogate host, E. coli (Figures 1A and 1B, line
1). This suggests that this fragment contains the minimal
oriCIvc and demonstrates that E. coli can supply any
trans-acting factors needed for oriCIvc-based replica-
tion. In contrast, a plasmid (pIg1) containing the in-
tergenic region previously annotated as oriCIIvc did not
form exconjugants in either V. cholerae or E. coli, indicat-
ing that pIg1 cannot replicate autonomously and sug-
gesting that this intergenic region either does not con-
tain oriCIIvc or requires additional sequences in cis for
replication (Figures 1A and 1B, line 3). A larger minichro-
mosome II, poriCII, replicated in both species (Figure
1A and 1B, line 2), indicating that oriCIIvc and any other
sequences required in cis for replication are contained
within the 5.8 Kb insert of poriCII. This minichromosome
includes two intergenic regions (ig1 and ig2), two hypo-
thetical genes (vca0001 and vca0002), and two genes
with homology to plasmid partitioning genes (parA and
parB).
Mutational analysis of poriCII confirmed that ig1 is
not required for replication in E. coli (Figure 1B, line 4),
suggesting that the original annotation of ig1 as oriCIIvc
was incorrect. However, a deletion internal to ig2, the
other intergenic region within poriCII, revealed that ig2
Figure 1. Delineation of the Replication Origins of the Two V. chol- includes sequences required for replication in both V.
erae Chromosomes
cholerae and E. coli (Figure 1A, line 4, and Figure 1B,
A conjugation-based assay was used to assess the replication ca- line 5). Furthermore, a minichromosome containing only
pacity of fragments of chrI and chrII inserted into a conditionally
ig2 sequences could replicate in V. cholerae, indicatingreplication-defective vector, pGP704. pGP704-based plasmids were
that ig2 contains the true oriCIIvc (Figure 1A, line 5). Onlytransferred by conjugation from the mob donor E. coli strain
SM10pir (Miller and Mekalanos, 1988), to E. coli MC4100pir, the right side of ig2 was required for pminIg2 to replicate
MC4100, and the recA pir V. cholerae strain Bah-3. The frequency in V. cholerae, demonstrating that the minimal oriCIIvc
of exconjugant formation was calculated by dividing the number of is contained within this 406 bp region (Figure 1A, line 6).
exconjugant cfu by the number of donor cfu. The plasmid inserts are Unlike a plasmid containing only oriCIvc (pminoriCI),depicted as arrows for open reading frames and lines for intergenic
pIg2 could not replicate in E. coli (Figure 1B, lines 1 andregions. The insert in pminoriCI corresponds to the oriCIvc intergenic
8). Instead, derivatives of poriCII required inclusion ofregion shown in Figure 2A. The insert in poriCII consists of 5.8
kb surrounding the previously annotated replication origin of chrII the two flanking hypothetical genes, designated vca0001
(Heidelberg et al., 2000), designated ig1. This insert includes and vca0002 by Heidelberg et al. (2000), to replicate in
vca0002 (rctB) (2), vca0001 (rctA) (1), parA (pa), parB (pb), and a E. coli (Figure 1B, lines 6–10). Given this requirement, we
fragment of vca1113 (s). The frequencies shown are means derived have termed vca0001, rctA (replication of chromosome
from two to four experiments. Asterisks indicate that the frequency
two) and vca0002, rctB. For rctB, a hypothetical geneof exconjugant formation was below detection (1.7  105) by this
encoding a predicted protein product of 658 amino acidsassay. When pGP704 without an insert was transferred to either
Bah-3 or MC4100, no exconjugants were detected (data not shown).
(A) The frequency of exconjugant formation in V. cholerae Bah-3.
The red X in line 7 represents a substitution of 6 bp in the fourth
12-mer repeat in ig2. (porf2) expressing rctB. The black X in line 10 represents a frame
(B) The frequency of exconjugant formation in E. coli MC4100. The shift at bp 79 of rctB. The black triangles in lines 11, 12, and 13
white bars in lines 9 and 10 show the frequency of exconjugant represent a stop codon at aa 25, aa 1, and a deletion of bp 21 in
formation when the recipient was MC4100 harboring a plasmid rctA, respectively.
Vibrio cholerae Chromosome Replication
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Figure 2. RctB Binds to oriCIIvc, But Not ori-
CIvc, and Is Found in Diverse Genera in the
Family Vibrionaceae
(A) Schematic representation of the replica-
tion origin regions of V. cholerae chromo-
some I and chromosome II. AT-rich regions,
DnaA boxes, IHF binding sites, GATC se-
quences, and small repeats are as indicated
in the box. The 11-mer sequence is ATGAT
CAAGAG and the 12-mer consensus is
(A/T)TGATCATNN(A/T)T (see Supplemental
Figures S1 and S2). Hatch marks reflect 100
bp intervals, but open reading frames at the
ends of each ori are not to scale. The lines
below each construct represent probes used
in gel shift experiments. The minimal oriCIIvc
as defined in Figure 1A is shown above the
oriCIIvc region in purple brackets.
(B) Autoradiographs of gel shift experiments.
Triangles represent increasing concentra-
tions (0 ng, 56 ng, 113 ng, 225 ng, 450 ng,
and 900 ng) of His6-tagged RctB. Roman nu-
merals beneath each autoradiograph repre-
sent the probes as shown in Figure 2A.
(C) Southern analysis of chromosomal DNA
digested with HindIII and probed with rctB.
Lanes 1–13 and 17 are from species within the
family Vibrionaceae (1, V. cholerae N16961; 2,
V. parahaemolyticus; 3, V. alginolyticus; 4, V. fluvialis; 5, V. vulnificus; 6, V. furnissii; 7, V. proteolyticus; 8, Photobacterium damselae; 9, P.
leiognathi; 10, Listonella anguillarum; 11, V. fischeri; 12, V. harveyi; 13, P. phosphoreum; 17, V. cholerae N16961). Lanes 14 and 16 are
Plesiomonas shigelloides and E. coli MC1061, respectively, from the family Enterobacteriaceae, and lane 15 is Aeromonas hydrophila from
the family Aeromonadaceae.
(aa), both deletion and frameshift mutations severely origin sequences (Zyskind et al., 1983). Alignment of V.
cholerae oriCIIvc with sequences from V. vulnificus, V.compromised the ability of poriCII to replicate in E. coli,
and in both cases the replication defects could be com- fischeri, V. parahaemolyticus, and V. harveyi revealed
that the 11-mer repeats, 12-mer repeats, the DnaA box,plemented by expressing rctB in trans on another plas-
mid (Figure 1B, lines 9–10). In V. cholerae, the RctA and and the AT-rich region were all conserved (Supplemental
Figures S1 and S2). Furthermore, in each species, theRctB gene products are presumably provided by the
chromosome to facilitate pIg2 and pminIg2 replication 12-mers were spaced 11 bp apart, suggesting that the
same DNA sequences would be displayed on the same(Figure 1A, lines 5–6).
face of the DNA. The conservation of the 12-mer repeats
among five Vibrio species suggests that they are impor-
Sequence Analysis of oriCIvc and oriCIIvc tant for chrII replication. An essential replication function
The DNA sequences of both oriCIvc and oriCIIvc contain for the 12-mer repeats was demonstrated by the finding
several features also found in E. coli oriC. In fact, the
that substitution of six bp in a 12-mer abolished replica-
sequence of oriCIvc is very similar to oriC (58% identity). tion of pminIg2 in V. cholerae (Figure 1A, line 7).
Like oriC, oriCIvc has an AT-rich region, five apparent
DnaA boxes, a likely binding site for IHF (a protein that
bends DNA), and many potential sites for Dam methyla- rctB Is Conserved and Encodes an oriCIIvc
Binding Proteintion (GATC sequences) (Figure 2A). Though the minimal
oriCIIvc lacks sequence similarity to E. coli oriC, it does We also searched and found orthologs of RctB in V.
vulnificus, V. fischeri, V. parahaemolyticus, and V. har-contain an AT-rich region, a single putative DnaA box,
a putative IHF binding site, and an overrepresentation veyi (identity74%; data not shown). Southern analysis
revealed that rctB is present in diverse genera in theof GATC sequences (Figure 2A). In addition, within the
entire ig2 region, there are two related repeat se- family Vibrionaceae, suggesting that the presence of
two chromosomes may be a defining feature not just ofquences, an 11-mer and a 12-mer, a finding reminiscent
of replication origins found in iteron-type plasmids, the genus Vibrio but of the widespread family Vibriona-
ceae (Figure 2C). In V. cholerae, all attempts to inactivatewhere small repeat sequences are required for both
replication and copy number control (Chattoraj, 2000; rctB were unsuccessful, suggesting that rctB is an es-
sential gene (data not shown).del Solar et al., 1998) (Figure 2A).
We searched the available nucleotide sequence data- Given the requirement for rctB in replication of poriCII,
and the fact that replication factors often act at origins,bases and found sequences similar to ig2 in the com-
plete genomes of Vibrio fischeri, Vibrio parahaemolyti- we examined whether RctB could bind to oriCIIvc. Re-
combinant epitope-tagged RctB was expressed in E.cus, and Vibrio vulnificus. In addition, we found ig2-like
sequences in an insert of a plasmid that was isolated coli, purified, and used in gel shift experiments with
probes derived from oriCIIvc and oriCIvc. Several differentas part of a genetic screen for functional V. harveyi
Cell
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Table 1. pIg2 Is Unstable in V. cholerae
Frequency of Amp Resistance2
Plasmid1 T  0 T  6 hours Fold Decrease3
pIg2 3.9  102 1.8  105 2167
pminIg2 2.7  101 2.0  102 14
1 The plasmids are as described in Figure 1. The V. cholerae host
used was the recA strain Bah-3 (Pearson et al., 1993).
2 Fresh ampicillin- (amp) resistant overnight colonies were used to
inoculate LB medium without amp and cultures were grown for six
hours. The frequency of amp resistance was quantified by dividing
the number of amp-resistant cfu by the total number of cfu at time
T  0 and after six hours of growth in the absence of amp. Results
are the means of three experiments.
3 Fold decrease was calculated by dividing the frequency of amp
resistance at time T  0 hours by the frequency of amp resistance
Figure 3. Detection of RctA RNA in V. cholerae and poriCII-Con- at T  6 hours.
taining E. coli
A ribonuclease protection assay was used to detect rctA transcripts
using an antisense RNA probe spanning the entire annotated
Identification of a chrII Incompatibilityvca0001 (rctA) gene. Probes for E. coli and V. cholerae rpoB tran-
Determinantscripts were used as controls. The rctA autoradiograph was ex-
V. cholerae cells containing poriCII formed smaller colo-posed for 53 hr and the rpoB autoradiographs were exposed for 5
hr. RNA was prepared from the V. cholerae strain N16961 (Vc) and nies than did cells containing poriCI or no plasmid (Sup-
the E. coli strains poriCII/MC4100 (p/Ec) and MC4100 without plas- plemental Figure S3). This phenotype was not attribut-
mid (Ec). Yeast RNA (Y) was used as a negative control. The sizes able to coding regions in poriCII, as cells containing
of the protected bands are shown to the left of the figure.
pIg2 (which lacks coding sequences) also formed small
colonies (Supplemental Figure S3). Furthermore, only a
portion of ig2 accounts for this phenotype, as cells withprobes spanning ig2 were bound by RctB, but an oriCIvc pminIg2, a plasmid that only includes the minimalprobe was not (Figure 2B, i–iv). With a probe derived
oriCIIvc, formed normal-sized colonies (Supplementalfrom the left side of ig2, multiple shifted species were
Figure S3). Colonies formed by E. coli containing poriCIIobserved (Figure 2B, i), suggesting that this region con-
or poriCI were indistinguishable from each other andtains multiple RctB binding sites.
from cells without plasmid (data not shown). These find-
ings suggested that a plasmid-borne copy of a region
on the left side of ig2, outside of the minimal oriCIIvc,rctA Encodes an RNA Required for
oriCIIvc-Based Replication restricted V. cholerae growth in the presence of selec-
tion for the plasmid. This impairment may result fromAnalysis of poriCII revealed that the hypothetical gene
vca0001 (rctA) is required for oriCIIvc-based replication instability of plasmids containing this region or from an
inhibitory effect of this region on chrII replication. The(Figure 1B, lines 6 and 7). Further studies suggested that
an RNA transcribed from this region was the required percentage of V. cholerae cells retaining pIg2 fell more
than 2000-fold during a six-hour growth period in thereplication factor. A substitution mutation in poriCII that
changed putative RctA amino acid 25 (of 44 predicted absence of antibiotic selection (Table 1). In contrast,
pminIg2 was relatively stably maintained (Table 1). Theaa) to an amber stop codon (poriCII 01amb) did not affect
replication (Figure 1B, line 11). Similarly, replacement of profound difference in the stability of pminIg2 and pIg2
suggests that the left side of ig2 renders pIg2 unstablethe putative start codon of rctA with a stop codon did not
prevent autonomous replication of the plasmid, poriCII in V. cholerae, but is also consistent with ig2-mediated
inhibition of chrII replication leading to a large selective01TAG, in E. coli (Figure 1B, line 12). These experiments,
together with the fact that there are no other potential advantage for cells that lose the plasmid. Together,
these results suggest that the small colony phenotypestart codons within rctA, suggest that there is not a
protein translated from rctA that is required for poriCII was attributable to antibiotic-mediated killing of cells
without plasmid, likely reflecting incompatibility be-replication. Since pIg2 and pminIg2, which do not con-
tain rctA in cis, replicate in V. cholerae, rctA is not a tween pIg2 and one or both of the V. cholerae chromo-
somes.required cis-acting sequence. Together, these results
suggest that the product of this gene is likely a functional We confirmed the presence of a chrII incompatibility
sequence by transforming V. cholerae with a high copyRNA. We confirmed that RNA is transcribed from rctA
in both V. cholerae and poriCII-containing E. coli by number vector containing chrII or chrI sequences and
measuring the transformation efficiency compared toperforming a ribonuclease protection assay (RPA), using
a probe complementary to rctA (Figure 3). The entire vector alone. When high-copy poriCII-topo, pIg2L-topo,
or a 407 bp segment from the left side of ig2 (p3642-probe was found to be protected, suggesting that the
active species encoded by this region is at least 132 topo) were introduced into V. cholerae, the transforma-
tion efficiency was more than 90,000-fold lower than thebp, and potentially longer. Interestingly, a single base
pair deletion in rctA, at position 21, did inhibit replication efficiency of transforming vector alone (Figure 4, lines
1–3). In contrast, high-copy pminIg2 (pminIg2-topo)of poriCII (Figure 1B, line 13). This finding confirms the
requirement for rctA, and also suggests that this base transformed V. cholerae almost as efficiently as vector
alone (Figure 4, line 4), confirming that an incompatibilitypair may be important in RNA structure.
Vibrio cholerae Chromosome Replication
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Figure 4. A V. cholerae Incompatibility Determinant Maps to the Left Side of ig2
DNA segments from the oriCIIvc and oriCIvc regions were cloned into the high-copy vector pCRII-TOPO (Invitrogen). The features of the oriCIIvc
and oriCIvc regions are annotated as in Figure 2 except for the yellow box, which represents a highly conserved 13 bp sequence (see
Supplemental Figure S2). 100 ng of each plasmid was used to transform electrocompetent V. cholerae N16961 and transformants were
selected on selective media. The relative transformation efficiency was calculated as the number of transformants obtained for each plasmid
compared to the number obtained with vector alone. The results shown are those of one representative experiment of at least two done for
each plasmid. The asterisks in lines 1 and 2 indicate that the number of transformants was below assay detection (3  106). The arrows
in lines 6 and 9 indicate that the relative transformation efficiency was slightly greater than 1.0.
determinant (inc) is contained within the left side of ig2. inc in control of chrII but not chrI replication and/or
partitioning.Additional mapping experiments revealed that incom-
patibility depends on a short highly conserved sequence To begin to define the mechanism of incompatibility,
we created frameshift mutations in the putative poriCIIpresent in V. cholerae, V. vulnificus, V. harveyi, V. para-
haemolyticus, and V. fischeri (Figure 4, lines 5–6; Supple-
mental Figure S2). While this conserved region clearly
contributes to incompatibility, it is not the sole determi-
nant, because a smaller insert (in pRT-topo) that in-
cluded the conserved segment transformed V. cholerae
efficiently (Figure 4, line 7).
Unlike chrII minichromosomes and high-copy oriCIIvc
sequences, plasmids containing oriCIvc sequences were
not incompatible with V. cholerae. High copy number
plasmids containing either a 5.2 kb region encom-
passing oriCIvc (poriCI-topo) or the minimal oriCIvc (pmi-
noriCI-topo) were readily introduced into V. cholerae
and did not compromise viability (Figure 4, lines 8–9).
In this regard, oriCIvc is similar to E. coli oriC, which in
relatively high copy is not toxic in E. coli.
To test whether sequence from the left side of ig2
(termed inc) specifically interfered with the replication Figure 5. The ig2 Incompatibility Determinant Influences the Repli-
cation Region of poriCII But Not poriCIregions of one or both V. cholerae chromosomes, we
used E. coli containing either poriCII or poriCI so that The ColD plasmid pGZ119 (V) or derivatives containing the 407 bp
insert from plasmid p3642-topo (see Figure 4) in either the forwardthe V. cholerae minimal replicons could be studied in
(F) (plasmid pEE481) or reverse (R) (plasmid pEE482) orientationrelative isolation. The transformation of poriCII-con-
were used to transform the recA E.coli strain KB1. Where indicated,taining E. coli by a vector containing the inc region
the E. coli strain harbored another plasmid: poriCII, pABfs (poriCII
(pEE481 or pEE482) was 10,000-fold lower than by with frameshift mutations in parA and parB), or poriCI. Trans-
vector alone (Figure 5). The orientation of inc in the formants were selected on LB-agar containing ampicillin (for the
resident plasmid) and chloramphenicol (for the transforming plas-vector did not alter this effect (Figure 5). When these
mid). The relative transformation efficiency was calculated by divid-plasmids were introduced into either poriCI-containing
ing the number of transformants obtained for each plasmid by theE. coli or E. coli without a minichromosome, there was
number of transformants obtained with vector alone within eachvirtually no difference in the transformation efficiency
strain. The asterisks and crosses indicate that the relative transfor-
between vector alone and vector with insert (Figure 5). mation efficiency was below detection by this assay (0.007
Thus, inc renders a vector incompatible with poriCII but and 0.13, respectively). The results shown are means of at least
two experiments.not poriCI; these findings are consistent with a role for
Cell
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Table 2. DnaA Is Required for Replication of poriCII and pminoriCI
Frequency of Exconjugant Formation2
Plasmid1 E. coli dnaA pir3 E. coli dnaA pir4
poriCII 1.1  101 9.4  106
pminoriCI 7.0  102 2.3  106
CloDF13 1.0  101 5.0  102
1 The plasmids are as described in Figure 1. CloDF13 is a known
DnaA-independent plasmid (Cabezon et al., 1997).
2 The frequency of exconjugant formation was calculated as de-
scribed in Figure 1. Results are means of at least two experiments.
3 EH 3896 (Hansen and Yarmolinsky, 1986) is CM1565 zia::pKN500
dnaA mad-1 tnaA::Tn10.
4 EH 3894 (Hansen and Yarmolinsky, 1986) is CM1565 zia::pKN500
	dnaA mad-1 tnaA::Tn10, which contains the miniR1 origin of repli-
cation and a deletion of dnaA.
partitioning genes parA and parB. The resulting plasmid,
pABfs, was still incompatible with pEE481 and pEE482 Figure 6. Replication of poriCII and poriCI Requires dam, and poriCI
in E. coli (Figure 5), suggesting that incompatibility is Replication also Requires seqA
not due to interactions of the left side of ig2 with these A transformation-based assay was used to assess the replication
putative partitioning proteins. Instead, incompatibility capacity of (A), pJEL109 (Lobner-Olesen et al., 1992) (miniR1, a
dam-independent plasmid), (B), pMR2 (Jensen et al., 1990) (poriC),appears to result from an influence of the inc region on
(C), poriCII, and (D), poriCI in the following strains: MC1061 (wt E.the chrII replication machinery. Since pABfs contains
coli), KO1607 (	dam), MC1061	seqA (	seqA), and KO1607	seqAboth rctA and rctB and depends on them for replication,
(	dam	seqA). To calculate relative transformation efficiency, the
we hypothesize that the incompatibility region nega- number of transformants isolated from each of the four strain back-
tively regulates chrII replication by interacting with RctA grounds was divided by the number isolated from the wt strain and
and/or RctB. expressed as a percent. This calculation was performed separately
for methylated (black bars) and unmethylated (white bars) versions
of each plasmid. Each transformation was done at least twice, andMinichromosomes Derived from the V. cholerae
the relative transformation efficiencies were calculated using the
Chromosomes are dnaA-Dependent averages from these experiments.
Replication of many bacterial chromosomes and some (A) Transformation of wild-type or dam E. coli by miniR1 occurred
with similar efficiency regardless of the methylation status of theplasmids is mediated by DnaA, which binds to the ori
plasmid.and stimulates strand unwinding to initiate replication
(C) The crosses indicate the following: methylated poriCII had a(Hansen and Yarmolinsky, 1986; Messer and Weigel,
relative transformation efficiency of 0.00053 in 	dam and 0.0001 in1996). DnaA proved essential for replication of minichro-
	dam	seqA, and unmethylated poriCII had a relative transformation
mosomes derived from both V. cholerae chromosomes, efficiency of 0.007 in 	dam and 0.0001 in 	dam	seqA.
as neither of these plasmids could replicate in a dnaA- (D) The asterisks indicate that the relative transformation efficiencies
were less than detectable by this assay (0.0002).independent E. coli strain (Table 2). Thus, dnaA differs
from rctB and rctA, which are only required for chromo-
some II replication. Since the activity of DnaA is regu- 1994). When methylated poriC is used to transform dam
lated in a cell cycle-dependent fashion (Kurokawa et al., E. coli, it is replicated once and then becomes hemi-
1999), this protein may help coordinate replication of methylated and sequestered. Replication cannot be re-
the two chromosomes. initiated because there is no Dam methylase in the cell.
Consistent with this mechanism, dam E. coli can be
transformed almost as efficiently as wt E. coli whenDNA Adenine Methyltransferase (dam) Is Required
for V. cholerae Replication unmethylated DNA is used (Figure 6B). Similarly, methyl-
ated poriC is able to transform a dam seqA double mu-We compared the roles of dam and DNA methylation in
replication of the two V. cholerae minichromosomes to tant because SeqA-mediated sequestration of oriC no
longer occurs (Lu et al., 1994) (Figure 6B).its role in replication of an oriC minichromosome, since
Dam methylation sites are overrepresented within all Dam plays a different role in replication of the V. chol-
erae minichromosomes than it does for poriC. Transfor-three sequences (see Figure 2A). In E. coli, dam is not
essential for oriC replication, but Dam methylation regu- mation of dam E. coli by methylated poriCII was
10,000-fold less frequent than transformation of iso-lates the timing of replication initiation at oriC (Boye et
al., 2000; Marinus, 1996). As has been observed in sev- genic wt E. coli. Unlike poriC, unmethylated poriCII did
not transform dam E. coli, suggesting that replicationeral previous studies (e.g., Lu et al., 1994; Russell and
Zinder, 1987), we found that a methylated E. coli oriC of poriCII absolutely requires Dam methylation (Figure
6C). Consistent with this idea, poriCII did not transformminichromosome transformed dam E. coli 1000-fold
less efficiently than wt E. coli (Figure 6B). This reduction a dam seqA double mutant (Figure 6C). This indicates
that methylation of oriCIIvc contributes directly to its rep-has been attributed to the binding and sequestration of
hemimethylated oriC DNA by the SeqA protein to pre- lication rather than (or perhaps in addition to) simply
being a target for sequestration.vent reinitiation (Campbell and Kleckner, 1990; Lu et al.,
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Dam methylation appears to be required for poriCI shown). A lack of conservation at the DNA sequence
level might be expected for a functional RNA, whichreplication as well, since dam E. coli could not be trans-
formed with methylated poriCI (Figure 6D). However, we could retain conservation at the structural level. Finally,
new algorithms for ORF identification that account forwere not able to test whether unmethylated poriCI could
transform dam E. coli because we were unable to isolate codon usage suggest that there is no protein-coding
gene in the area of rctA (Guo et al., 2003). An RNA thatunmethylated poriCI; therefore, we cannot exclude the
possibility that dam only regulates oriCIvc-based replica- spans the annotated vca0001 gene was detected by
RPA analysis, but the precise boundaries and functiontion and is not absolutely required. Unexpectedly, we
were not able to transform seqA E. coli with poriCI, of the RctA RNA are not known. trans-acting RNA mole-
cules have been described in plasmid replication (delsuggesting that seqA is required for replication of poriCI
(Figure 6D). Our attempts to knock out V. cholerae seqA Solar et al., 1998), and in E. coli, transcriptional activity
at oriC is believed to influence replication efficiency(54% identity and 69% similarity to E. coli SeqA) were
unsuccessful, suggesting that seqA may be an essential (Messer and Weigel, 1996). RctA RNA may function di-
rectly in replication (e.g., as a primer) or may play agene in V. cholerae. In E. coli, several activities of SeqA
may contribute to control of replication. In addition to its required regulatory role.
role in binding and sequestering hemimethylated origin
DNA, SeqA has been shown to influence transcriptional A Negative Regulator of chrII Replication
regulation, DNA superhelicity, and nucleoid structure An incompatibility determinant that was localized to a
(Slominska et al., 2001; Weitao et al., 2000). The func- DNA sequence adjacent to the minimal oriCIIvc region
tions of SeqA in V. cholerae have yet to be explored was found to negatively influence oriCIIvc- but not oriCIvc-
directly, but our observations suggest that in V. chol- based replication. Plasmid replication is commonly con-
erae, seqA plays distinct roles in replication of chrI and trolled by negative regulators (del Solar et al., 1998),
chrII. Given the different effects of a seqA mutation on which maintain copy number within a narrow range to
replication of poriCI and poriC, the roles of seqA in V. avoid overtaxing the host. Plasmid inc regions can nega-
cholerae may prove to be different from those described tively regulate replication by titration of essential replica-
in E. coli. tion factors (either protein or RNA) (del Solar et al., 1998;
Novick, 1987) or by “handcuffing,” in which Rep proteins
bound to the ori sterically hinder replication initiationDiscussion
(Chattoraj, 2000). Our findings are consistent with either
regulatory mechanism controlling oriCIIvc-based replica-The Origins of Replication of V. cholerae
chrI and chrII tion, presumably by influencing the availability of RctA
and/or RctB or by RctB-mediated handcuffing of oriCIIvc.The basic features of E. coli oriC have, until now, been
thought to define chromosomal origins of replication in If this is the case, replication of chrII may (at least in
part) be controlled independently of chrI.
-proteobacteria (Messer and Weigel, 1996; Zyskind et
al., 1983). Our work revealed that oriCIvc largely conforms
to this pattern. However, although oriCIIvc proved to Is oriCIIvc Plasmid-like?
share certain features with oriC, including a DnaA box, OriCIIvc-based replication has four features that also
several sites for Dam methylation, and an AT-rich region, characterize certain plasmid replicons: a repeat se-
this origin also has several unusual features for a bacte- quence essential for replication, a dependence on a
rial chromosome. Unlike other known chromosomes, replicon-specific protein (RctB), a requirement for an
oriCIIvc-based replication required, in addition to DnaA, RNA (RctA), and an incompatibility determinant (inc) that
a novel DNA binding protein, a repeat sequence, and appears to act as a negative regulator. These similarities
an RNA; furthermore, a noncoding sequence appears may support the proposal that chrII was originally ac-
to negatively regulate chrII replication. quired as a plasmid and subsequently captured essen-
Our assertion that oriCIIvc represents the true origin tial genes (Heidelberg et al., 2000). Since we found that
of replication of chrII is supported by a genetic screen the V. cholerae replication protein-encoding gene rctB
for origins of replication in V. harveyi (Zyskind et al., is present in many genera of the family Vibrionaceae,
1983). This study led to the isolation of an autonomously the hypothetical plasmid ancestor of chrII must have
replicating sequence that we found contains sequence been acquired prior to the diversification of this family.
similar to oriCIIvc. Furthermore, the oriCIIvc region is con- Some of the plasmid-like attributes of oriCIIvc-based
served among at least three other Vibrio species, and replication are not identical to those of characterized
rctB was found in many diverse members of the family plasmids, and these four features have never been de-
Vibrionaceae. scribed together in a single replicon. The origins of repli-
cation of iteron-type plasmids are characterized by the
presence of short repeated sequences (iterons) to whichAn RNA Is Required for poriCII Replication
Several lines of evidence suggest that the rctA gene a plasmid-encoded replication protein (Rep) binds (del
Solar et al., 1998). Rep binding to iterons in the ori stimu-product is an RNA and not a protein. First, neither of two
different single base pair changes within rctA affected lates strand unwinding, and Rep-iteron interactions,
both within the ori and in nearby control regions, arereplication of poriCII even though both of these muta-
tions introduced stop codons into the predicted rctA involved in controlling copy number through hand-
cuffing (Chattoraj, 2000). It is tempting to classify RctBopen reading frame (ORF), one of which was at the
start codon (Figure 1B, lines 11–12). Second, rctA is as a Rep protein and the 11-mer and 12-mer sequences
in oriCIIvc as iterons; however, some of our observationsnot conserved among related Vibrio species (data not
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suggest that these repeats do not function as typical unmethylated P1-derived plasmids can transform dam
E. coli (Abeles et al., 1993). Dam may play several rolesplasmid iterons. Though the 12-mers are required for
oriCIIvc-based replication, in gel shift assays, a single in V. cholerae chromosome replication. As in E. coli, it
may remethylate DNA that has been sequestered by12-mer was not bound by RctB (data not shown). Fur-
thermore, RctB could bind to probes containing no ap- SeqA due to hemimethylation. However, it is clear that
dam must also play additional roles, since poriCII couldparent repeat sequences (Figure 2B, iii and data not
shown). The 11- and 12-mer repeats in oriCIIvc also do not replicate in a dam host even in the absence of seqA.
The methylation state of oriCIIvc could affect binding ofnot appear to function as iterons in replication control.
In the iteron plasmid P1, a single iteron can exert incom- replication factors including RctB or RctA. Alternatively,
oriCIvc and oriCIIvc structures may be influenced by meth-patibility because it is bound by Rep and can therefore
facilitate handcuffing (Papp et al., 1994). In contrast, in ylation in a manner similar to the ori of P1; this possibility
is attractive because it could provide a means by whichV. cholerae, a sequence with six 12-mer repeats was
not sufficient to exert incompatibility (Figure 4, line 4). the two V. cholerae origins could be activated by methyl-
ation in a cell-cycle dependent and potentially synchro-Even if RctB functions analogously to a plasmid Rep
protein, it is important to note that RctB has no sequence nous manner.
Since the sequences of oriCIvc and oriC are so similar,similarity to known plasmid Rep proteins and has no
recognizable motifs. it is surprising that dam appeared essential for oriCIvc-
based replication (Figure 6D). One possible explanation
is that poriCI may compete with the E. coli host chromo-Control of Replication in a Bacterium
some for the available initiator molecules in the absencewith Two Chromosomes
of Dam methylation. Such competition is believed toHow does a bacterium with multiple chromosomes en-
result in integration of oriC minichromosomes into thesure that each daughter cell receives a full genome com-
chromosome of dam E. coli (Lobner-Olesen and vonplement at cell division? At least three general scenarios
Freiesleben, 1996); in the absence of sufficient sequenceregarding replication can be envisioned: (1) each chro-
homology for poriCI integration, competing poriCI plas-mosome replicates using the same factors, (2) the chro-
mids may not be maintained in dam E. coli. If poriCImosomes have entirely distinct replication require-
does compete with oriC in the absence of Dam methyla-ments, or (3) the chromosomes share some common
tion, then dam must regulate oriCIvc-based replication.factors yet also maintain some distinct requirements.
The importance of dam in both oriCIIvc- and oriCIvc-basedOur analysis of the two V. cholerae chromosomes re-
replication is consistent with a role for Dam methylationvealed that replication of each chromosome involved
in coordination of replication of the two V. cholerae chro-specific factors (rctB, rctA, and a control region for chrII
mosomes.and seqA for chrI), but that the chromosomes also
A bipartite genomic arrangement appears to have per-shared a requirement for certain factors (dnaA and dam).
sisted throughout Vibrionaceae speciation. Since thereHaving some common and some distinct factors may be
are many duplicated loci present on both V. choleraebiologically favorable in a multichromosomal bacterium
chromosomes, it is surprising that the two chromo-because it could allow for some degree of coordinated
somes have remained separate replicons throughoutreplication while minimizing competition among the rep-
evolution. Division of the genome into two chromo-licons.
somes may provide an evolutionary advantage either bySince the two Vibrio chromosomes appear to have
facilitating a faster replication time or by allowing forcoexisted throughout Vibrionaceae speciation, we pre-
chromosome-specific replication control in certain envi-sume that there is coordination of their replication (unlike
ronmental circumstances. This evolutionary advantagethe unlinked replication of plasmids and their hosts’
might be eclipsed by competition between two repliconschromosomes [del Solar et al., 1998]). We speculate
with identical replication initiation factors. The distinctthat the factors shared by both chromosomes, including
replication requirements of chrI and chrII may minimizeDnaA and Dam methylation, may mediate this coordina-
competition and thereby help ensure the maintenancetion. V. cholerae DnaA is very similar to that of E. coli
of the divided genome.(79% aa identity), and E. coli DnaA can enable both
oriCIvc- and oriCIIvc-based replication, suggesting that
V. cholerae DnaA may function and be regulated as Experimental Procedures
in E. coli. Sharing this essential and highly regulated
(Katayama et al., 1998; Kitagawa et al., 1996) initiation Plasmid and Strain Construction
DNA from V. cholerae N16961 (Heidelberg et al., 2000) was used asfactor could ensure that replication of each chromo-
template for PCR amplification of fragments for insertion intosome is initiated only during a small time window in
pGP704 (Miller and Mekalanos, 1988) to create chrI- and chrII-each cell cycle.
derived minichromosomes. The insert in poriCI extends from chrI
The other major shared factor we identified, Dam bp 2,956,820 through 1,300 according to the published annotation
methyltransferase, appears to be essential for replica- of the V. cholerae genome sequence (Heidelberg et al., 2000). The
insert in poriCII extends from chrII bp 1,069,696 through bp 3,191.tion of both V. cholerae chromosomes. This observation
All primer sequences are available upon request. Frame-shift andmay explain why dam is an essential gene in V. cholerae
substitution mutations were constructed using the QuikChange Site-(Julio et al., 2001). Aside from its role in regulation of
Directed Mutagenesis Kit (Stratagene), and deletions were con-replication in E. coli, dam appears to influence DNA
structed using overlap-extension PCR mutagenesis as previously
structure in some origins of replication, such as the P1 described (Moyer et al., 2001). All mutations were confirmed by
plasmid ori (Abeles et al., 1993). However, the require- DNA sequencing. High-copy plasmids containing oriCIIvc or oriCIvc
sequences were constructed by amplifying sequences from V. chol-ment for dam in V. cholerae may differ from P1 because
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erae N16961 and introducing them into the pUC-based plasmid and T 6 hr after growth without selection by plating equal volumes
of bacteria on selective and nonselective media.pCRII-TOPO (Invitrogen). Plasmids pEE481 and pEE482 were con-
structed by introducing the insert from plasmid p3642-topo (see
Figure 4) into the vector pGZ119 (Lessl et al., 1992) in both orienta- Transformation Assays
Transformation experiments were performed with 100 ng of eachtions. Full-length rctB along with upstream sequence including its
ribosome binding site was introduced into the expression vector plasmid using a standard electroporation protocol. Electrocompe-
tent E. coli and V. cholerae were prepared using standard protocols.pGZ119 (Lessl et al., 1992) to create the complementing plasmid
porf2. The expression plasmid for production of C-terminal His6- For the incompatibility assays involving two plasmids, the cells were
prepared with selection for the ampicillin-resistant plasmid. Dilu-tagged RctB, porf2-BAD, was constructed by inserting the rctB
coding sequence into pBAD-topo (Invitrogen). Strain KO1607 is E. tions were plated on selective medium to determine the number of
transformants. Unmethylated pJEL109 and pMR2 were obtainedcoli MC1061 dam13::tn9 (gift of A. Wright). Strains MC1061	seqA
and KO1607	seqA were constructed by P1 transduction of the seqA by isolating the plasmids from the dam E. coli strain KO1607. We
obtained unmethylated poriCII by isolating plasmid from a dam pirallele from strain CM735 seqA	::tet (Lu et al., 1994) using standard
protocols. E. coli strain (SM10pir dam13::tn9 ), where replication initiates from
the R6K origin of replication.
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